The crystallographic orientation relationships between d-ferrite and g-austenite during unidirectional solidification of Fe-Cr-Ni alloys have been evaluated with EBSPs (Electron Back Scattering Patterns). The preferred orientation relationship between d and g agrees with the Kurdjumov-Sachs (K-S) relationship in both rod and lamellar eutectic structures obtained by Bridgman experiments. It is thought that the preferred relationship is developed by nucleation of secondary phase. The orientation relationship between primary gdendrites and primary d-dendrites during dissimilar alloy welding (primary g to d-dendrites) by a laser experiment also agrees with the K-S relationship. The transition from primary g to d-dendrites is thought to be controlled by heterogeneous nucleation of ferrite at the growing g-dendrite front. It is suggested that the nucleation also plays an important role in the microstructure formation.
Introduction
Microstructures in Cr-Ni stainless steels are determined by solidification and subsequent transformation behavior. Final microstructures are classified into several modes, in which residual d-ferrite exhibits different morphologies. [1] [2] [3] Typical austenitic stainless steels have dual phases of ferrite (d) and austenite (g). It is known that the morphology of dferrite affects the properties of the weld metals, for instance, hot cracking susceptibility, corrosion resistance and low temperature fracture toughness. [4] [5] [6] [7] Moreover, it is suggested that these properties are related to the crystallographic relationships between d and g. The crystallographic relationships during welds have been evaluated by a number of authors. [8] [9] [10] [11] [12] [13] [14] Inoue et al. [11] [12] [13] [14] analyzed the crystallographic relationships between d and g with EBSPs (Electron Back Scattering Patterns) in weld metals of various solidification modes. They showed that the ͗100͘ direction of ferrite and ͗100͘ direction of austenite were parallel to each other and lay along the preferable growth direction, in the cases of primary austenite solidification with eutectic-d and primary ferrite solidification with a vermicular structure of d. On the other hand, Inoue et al. also showed that the austenite had the Kurdjumov-Sachs (K-S) relationship with ferrite, in the cases of primary ferrite solidification with lacy-d and ferrite single-phase solidification with acicular-d or Widmanstätten-g.
The present authors have investigated the phase and microstructure selection in Fe-Cr-Ni alloys during unidirectional solidification. Eutectic structures, where simultaneous two phase growth (d-g) occurs, have been obtained at low solidification rates in Bridgman experiments. 15, 16) It was thought that eutectic coupled growth started from austenite nucleation on the ferrite plane front surface in the initial transient process. 15) Moreover, the microstructural transition between d and g during laser experiments has been evaluated. 17) It was shown that the transition from d to g was controlled by the dendrite growth kinetics (i.e., no nucleation barrier exists) and that this transition could be predicted by theory. To the contrary, the reverse transition from g to d was inferred to be controlled by the nucleation of ferrite at the growing g-dendrite front.
The aim of the present work was to examine the microstructure formation in Fe-Cr-Ni alloys under constrained (directional) growth. Ternary Fe-Cr-Ni alloys, which form the basis for austenitic stainless steels were used. Crystallographic relationships between d and g in several solidification morphologies were investigated by EBSP analysis. The mechanism of microstructure formation was then discussed.
Experimental Procedures

Alloys
Four alloys (A, B, D and E) were prepared for the experiments. Figure 1 , calculated using Thermo-Calc 18) version J, shows the ternary phase diagram. The composition points of the four alloys are also indicated in this figure and Table  1 lists their chemical compositions. One composition (alloy B) was located on a primary austenite liquidus surface, and the other three compositions were on a primary ferrite surface. Elements, except Cr and Ni, were reduced to as low as possible levels.
Experimental Method
Bridgman type apparatuses were used for the unidirectional experiments of alloys D and E. 15, 16) This technique allows investigation of solidification events at low growth rate with separate control of the solidification velocity and temperature gradient. The alloy charge was contained in a ceramic crucible. After the initial melting and temperature stabilization under a controlled argon atmosphere, the crucible was lowered at a constant velocity ranging from 1.0 to 2.5 mm/s. At the end of the experiment, the crucible was dropped into the liquid metal bath (Ga-In/Ga-In-Sn) in order to maximize the quenching effect at the liquid/solid interface.
Laser resolidification experiments were done with a continuous wave CO 2 laser with a power between 1.0 to 1.5 kW and a laser traveling speed between 1 and 50 mm/s. Microstructural transition was evaluated by changing the composition over the length of the dissimilar alloy weld 17, 19) as shown in Fig. 2 . Welds were made in both directions on two different materials (alloy A with low Ni content and alloy B with high Ni content) butted together. The welds were started on a specimen of one composition and scanned into the other across the junction. The specimen was preheated by induction to 1 273 K in order to avoid growth instability caused by the Marangoni effect, which occurs at low velocities. 20) Moreover, argon gas shielding was applied to prevent oxidization of the molten pool during welding. The local growth velocity V was evaluated by metallographic measurements at the surface of the remelted zone. The growth velocity was determined by the scanning speed (V b ) and the angle (q) between the scanning direction and the direction of interfacial motion (i.e. VϭV b cosq).
Metallographic Analyses
Optical metallographic observations were carried out after polishing and electrolytical etching in 10 mass% oxalic acid or 10% sulfuric acid. In the microstructural observations, the dark or gray parts indicated d-ferrite and the bright or white parts indicated g-austenite. The identification of phases and the crystallographic orientations of the phases were investigated by SEM (Scanning Electron Microscopy) equipped with EBSP analyzer. Moreover, EBSP with an automatic indexing technique 21, 22) was also used to analyze crystallographic orientations of g-grains near the microstructural transition of the dissimilar alloy weld. Figure 3 shows the rod eutectic structure of alloy D (Fe-18.5%Cr-11.5%Ni) with a growth velocity of Vϭ1.0 mm/s and the lamellar eutectic structure of alloy E (Fe-17.9%Cr-11.5%Ni) with a growth velocity of Vϭ1.7 mm/s. Figure 4 shows an SEM micrograph and (100), (110) and (111) Figure 6 shows the microstructural transition of dissimilar alloy welds. Alloy A solidified as primary ferrite and Table 1 . Chemical composition of alloys in mass %. alloy B solidified as primary austenite in the cast ingots. In each of the welding directions, a sharp microstructural transition is observed. The solidification modes in this figure are classified into FA (primary ferrite with secondary austenite solidification) mode and AF (primary austenite with secondary ferrite solidification) mode.
Experimental Results
Bridgman Experiments
Laser Experiment
1) The FA mode is solidified as primary ferrite and ferrite decreases due to subsequent d/g transformation as the temperature drops. The residual d-ferrite can be observed at the cells or dendrites core. On the other hand, the AF mode starts with primary austenite and d-ferrite can be observed at the dendrite boundaries by the subsequent eutectic solidification.
The maps of crystallographic grain orientations measured by the automatic EBSP indexing technique are shown in Electrolytical etching in 10 % sulfuric acid and 10 mass% oxalic acid was applied to alloy D and alloy E, respectively. The dark phase is ferrite and the bright phase is austenite. of the dissimilar alloy weld from alloy B to alloy A ( Fig.  6(b) ). The crystallographic orientation of g in AF mode agrees with that of g in FA mode as given in Fig. 7(b) . On the other hand, the crystallographic orientation of d in AF mode does not agree with that of d in FA mode. Moreover, it appears that the preferred orientation relationship between d in FA mode and g in both AF and FA modes can be described as {110} d //{111} g and ͗111͘ d //͗110͘ g and this agrees with the K-S relationship.
Discussion
Eutectic Structure
According to the phase diagram of the Fe-Cr-Ni system, the composition of the peritectic to eutectic transition of the liquidus line can be located at ϳ10 mass% Cr and ϳ7 mass% Ni (Fig. 1) . Therefore, an eutectic structure is expected to form in the alloys used in this work (Crϳ18%). Calculated interface response functions for d, g and d-g eutectic for Fe-17.9%Cr-11.5%Ni alloy (alloy E) are given in Fig. 9 . Details of the microstructure models have been described in Ref. 16) . By assuming that a phase with the higher growth temperature is formed (i.e. abundant nucleation of all phases), the microstructure/phase selection during solidification can be predicted. (top of Fig. 9 ). d-g eutectic can form at low velocities. The morphologies of eutectic structure (lamellar/rod) depend on the volume fraction of d-ferrite. The volume fraction of g phase in rod eutectic is lower than that for lamellar eutectic.
It is known that the orientations in binary eutectics often have a simple crystallographic relationship between the phases. 23) In this work, the preferred orientation relationship between d and g in rod and lamellar eutectic structures agrees with the K-S relationship. It is thought that the nucleation of the secondary phase on the surface of the first phase imposes the preferred crystallographic relationship. In the case of the Bridgman experiment with alloy D, the withdrawing distance was relatively short (20-50 mm) for observing a morphological change during the initial transient of the composition. It was shown that the d-plane front appeared at the initial transient process and then eutectic coupled growth started after the g nucleation on the d-plane front surface. Details of the microstructural transition have been explained in Ref. 15 ). This transition is thus inferred to be controlled by the nucleation of g on the dplane front surface with a favorable orientation relationship. Since the K-S relationship between d and g leads to a lowest-energy boundary, the boundary coherency is thought to be enough high to develop the simultaneous two phase growth. On the other hand, the moving distance for alloy E was long (over 130 mm) in order to observe the microstructure in steady state growth and the microstructural transition was not observed.
A rod-like eutectic structure from laser treatment and electron beam remelting has been reported by several authors. 2, 24) However, it is not easy to distinguish between rod-type eutectic and intercellular ferrite which results from d-cells solidification and subsequent d/g transformation. Inoue at al. 12) suggested that the ͗100͘ direction of ferrite and the ͗100͘ direction of austenite were parallel to each other in the case of primary ferrite solidification. However, no specific relationship was identified as to the lattice plane of the two phases. It is thought that the boundary coherency is needed to develop the simultaneous two-phase growth. The crystallographic orientation relationship between d and g is suggested as one of the ways to identify the formation of eutectic structures (i.e. the K-S relationship).
Microstructural Transition between d d and g gDendrites
As shown in Fig. 10 , with an increase in Ni content, gphase which precipitates around the growing d-dendrites approaches the tips from behind due to d/g solid state transformation. Therefore, the transition from d to g can occur immediately when the g-dendrites become more stable than d-dendrites (no nucleation of the new phase is needed). This idea is supported by the experimental results concerned with crystallographic orientation of g (Fig. 7(a) ).
On the contrary, there is no g-ferrite close to the d-dendrites in the AF solidification mode (see Fig. 10 ), because d-ferrite only exists in the interdendritic regions far behind the tips of g-dendrites. This implies that the transition from g to d requires some driving force for ferrite nucleation at/around the interface. In Fig. 8 , the orientation relationship between d in FA mode and g in both AF and FA modes agrees with the K-S relationship. It is thus thought that the nucleation of d is considered to occur on austenite at the solid/liquid interface with a favorable coherent orientation. The nucleation undercooling which is given by the difference between the equilibrium liquidus temperature of d and the growth temperature of g-dendrites (DT N ϭT l (d)Ϫ T tip (g)) for this process was inferred to be about 12 to 15 K for Vϭ1 to 20 mm/s. 17) The microstructural transition between d and g during welds was investigated by Inoue et al. 25) They inferred that g-cells grew continuously from FA mode to AF mode and that d-cells grew from AF mode to FA mode in a discontinuous manner. The transition from primary g to d was thought to be controlled by nucleation of ferrite. The mech- anism of microstructural transition considered in the present work is supported by their work. The phase and microstructure selections during solidification have usually been predicted by growth kinetics. [26] [27] [28] This assumption is useful for the description of microstructure selection maps. Good agreements between experimental results and theoretical predictions have been obtained by several studies. 16, [28] [29] [30] However, the effect of nucleation during microstructure formation should be considered in specific cases as shown in the present work. It seems nucleation also plays an important role in the microstructure transition. ). 
Heterogeneous Nucleation of a Solid Phase
The nucleation suggested in this work is based on low disregistry (i.e. the K-S relationship) between the lattice parameters of the substrate and the nucleating phase. Heterogeneous nucleation of d at the growing g-dendrite front during laser treatment is considered.
The volume free energy change of liquid/solid transformation can be estimated from the linear approximation as given by: where a L/S is a dimensionless interfacial energy parameter, D S f is the molar entropy of fusion, N is Avogadro's number, T is the temperature.
In Fig. 11 , D G*/k B T N (k B : Boltzmann's constant) is plotted as a function of interfacial energy between d and g . The nucleation undercooling (DT N ϭT l (d )-T tip (g )) of 14.6 K for Vϭ10 mm/s 17) was used for the analysis. ThermoCalc version J was used to obtain a consistent thermodynamic description of the phase equilibrium. In order to satisfy the condition of DG*/k B T N Ϲ60 for detectable nucleation, 35) 39) applied the planar disregistry developed by Bramfitt 40) to the d /g interface in order to estimate the degree of potency of the heterogeneous nucleation. It is inferred that the low disregistry of the K-S relationship promotes the heterogeneous nucleation of d on the g surface with a small undercooling (ϳ10 K). This analysis supports the mechanism of the microstructural transition which may be caused by heterogeneous nucleation with a favorable orientation relationship as obtained in the present work. Interfacial energy between d and g is not well known and probably varies between coherent and incoherent interfaces. Further research is thus required before a firm structural interpretation can be given for heterogeneous nucleation and microstructural transition behaviors.
Conclusion
The crystallographic orientation relationships between d and g in several solidification morphologies during unidirectional solidification of Fe-Cr-Ni alloys were evaluated using EBSPs and the following results were obtained.
(1) The preferred orientation relationship between d and g agreed with the Kurdjumov-Sachs (K-S) relationship in both rod and lamellar eutectic structures obtained in the Bridgman experiments. This indicated that nucleation of the second phase on the surface of the first phase imposed the crystallographic orientation relationship with the lowest energy boundary.
(2) The transition from primary g to d -dendrites in dissimilar alloy welds by a laser experiment was thought to be controlled by nucleation of ferrite. The orientation relationship between d in FA mode and g in both AF and FA modes agreed with the K-S relationship. It was suggested that the phase selection was caused by the heterogeneous nucleation of ferrite at the growing g -dendrite front. On the contrary, no nucleation could be needed for the transition from primary d to g -dendrites.
(3) The heterogeneous nucleation considered in this 
